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Abstract
The optical absorptions of different Au32 isomers in the whole frequency range from the
far-infrared (FIR) to near-ultraviolet (UV) have been calculated using the relativistic density-
functional method in order to identify their geometrical structures. It is found that there exists
a distinctive difference between the absorption spectra of the icosahedral cage-like Au32 and its
amorphous isomers. The former shows significant absorption peaks in the visible and near-UV
range, and a characteristic FIR-active mode at 46 cm−1, making it possible to be distinguished
unambiguously from others, which suggests that the optical spectra can thus be used as an efficient
experimental tool to detect the “golden fullerene”.
PACS numbers: 36.40.Mr, 36.40.Vz, 71.15.Mb, 78.67.-n
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I. INTRODUCTION
Gold clusters have received special attention due to their potential applications in cataly-
sis and nanostructured material science.1−4 For the cluster size up to several hundred atoms,
its geometric structure is strongly size-dependent, which, in turn, impacts on its electronic,
optical, and chemical properties. Therefore, it is fundamentally important to identify their
geometric structures for the controlled use of clusters in future nanotechnology. In the past
decades, the medium-sized gold clusters have been extensively studied. Some systematic
numerical studies based on the empirical potentials predicted that the amorphous compact
packing is dominant for AuN with N >14.
5−7 Recently, J. Li et al. revealed the unique
pyramid Au20 structure, which is a bulk gold fragment with a small structural relaxation,
deduced from the photoelectron spectroscopy and comparison with the relativistic density-
functional theory (DFT) calculations.8 More recently, a novel cage-like structure of Au32
with Ih symmetry was predicted by the relativistic DFT to be the ground state and chemi-
cally stable because of its extremely large energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) up to 1.7 eV.9 This
perfect Ih structure, referred as “golden fullerene”, can be constructed from the C60 as a
template. The discovery of cage-like Au32 would be of practical use, for example, to accom-
modate other atoms or molecules.10 Another icosahedral golden fullerene Au42, born out of
the Ih C80, was also studied numerically, which is found to be competitive in energy with
its compact isomers.11
Despite these theoretical predictions, there is still no experimental evidence up to now for
the “golden fullerene”. We do not know even what kind of experimental methods could be
used to detect correctly the cage-like Au32. The previous works on the Au32 depended on the
total energy to characterize the stability of the fullerene cage.9,10 On the other hand, less is
known concerning the optical properties of different Au32 isomers, which is disadvantageous
to answer whether the golden fullerene really exists in the medium-sized range. In view
of this situation, the spectroscopic tools probably provide a better choice to identify the
geometric structure of a cluster, which has been successfully done for the small anionic Au−N
(N = 7-11).12
Therefore, we report here our relativistic DFT simulations on the relationship between
the geometrical structures and the optical responses from the infrared (IR) to ultraviolet
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(UV) spectra for the different isomers of Au32, based upon which the Ih Au32 cage can be
distinguished unambiguously from others, e.g., the previously suggested space-filled struc-
tures. This paper is organized as follows. In Section II, we introduce the details of DFT
computational procedure. The obtained low energy structures of Au32 and their optical
spectroscopies are discussed in Section III. Some concluding remarks are offered in Section
IV.
II. COMPUTATIONAL DETAILS
The optimized geometries and corresponding absorption spectra of gold clusters were cal-
culated using Accelry’s DFT program DMol3.13 A relativistic semi-core pseudopotential14
and a double-numeric-polarized basis set were chosen to do the electronic structure cal-
culations. For the exchange-correlation functional, the spin-polarized generalized gradient
approximation was used.15 A real space cutoff of 7.0 A˚ was used for the numerical inte-
gration. All SCF procedures were done with a convergence criterion of 10−6 a.u. on the
total energy and electron density. The cluster geometry was optimized by the Broyden-
Fletcher-Goldfarb-Shanno algorithm16 without symmetry constraints until the total energy
was converged to 10−5 eV in the self-consistent loop and the force on each atom was less than
5 meV/A˚. As for the initial geometries, we started with not only the available structures
in the literature,5−7,9,10 but also new ones obtained by an unbiased global search with the
guided simulated annealing17 to an empirical interaction potential.18
Once the equilibrium geometry was obtained, the vibrational spectra were evaluated by
diagonalizing the force constant matrix. The IR intensities were determined from the deriva-
tive of the electric dipole moment. The absorption spectra were calculated in the dipole
approximation using the dipole transition between the ground state and excited state. The
DMol3 assumed that the ground state is a Slater determinant formed by the occupied Kohn-
Sham orbitals, and the excited state is obtained from the ground state by eliminating one
electron from an occupied orbital and placing it into an unoccupied orbital. The second
assumption for the excited state is quite drastic, which ignores both relaxation effects and
more fundamental problems within DFT. For example, the DFT calculations always under-
estimate the HOMO-LUMO gap, which may lead the absorption peaks red-shift. However,
the comparison of the optical absorption between different isomers can still give the useful
information of detecting their geometrical characteristics as we shall show in Section III.
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The accuracy of the current computational scheme has been checked by benchmark calcu-
lations on the gold atom and the dimer. The ionization potential of 9.71 eV and the electron
affinity of 2.20 eV are obtained for the gold atom, which agree with the corresponding ex-
perimental data of 9.22 eV19 and 2.31 eV,20 respectively. We also note that for the Au2,
the calculated binding energy of 2.16 eV, bond length of 2.54 A˚, and vibration frequency of
173 cm−1, are all consistent with the experimental data of 2.28 ± 0.10 eV, 2.47 A˚, and 191
cm−1, respectively,21,22 and with previous DFT results of 2.43 eV, 2.55 A˚, and 173 cm−1 by
J. Wang et al.23
III. RESULTS AND DISCUSSIONS
Sixteen different candidates of Au32, divided into three distinct groups, i.e., cage-like,
space-filled, and bulk-fragment, have been considered in our DFT scheme. In good agreement
with previous results,9,10 the icosahedral cage is found to be the most stable structure, well
separated by a significant energy gap of 0.96 eV from the first close-lying isomer with D6h
symmetry. Though the low-symmetrical space-filled structures have higher energies than the
icosahedral cage, they coexist with other hollow cage-like structures, all of which constitute
a series of isomers with an almost continuous energy distribution. On the other hand,
the bulk-fragment isomers not only have higher energies than the cage-like and space-filled
structures, but also have some modes with “imaginary” frequencies, indicating that they are
not stable. Therefore, in the following, we focus our attention to the cage-like and space-
filled isomers of Au32, among which six different lowest-energy configurations are illustrated
in Fig. 1 together with their absorption spectra. The structures (a)-(c) belong to the
cage-like species without core atoms, among which the structure (c) is a new low-energy
candidate constructed by closing a short segment of (6, 0) gold nanotube with two rhombi,
and so could be called as a tube-like gold cluster too.24 The structures (d)-(f)25 are space-
filled or compact, among which the structure (e) was reported previously to be the “ground
state” of the empirical potentials.6
From Fig. 1, it is especially impressive to see an evident difference between the absorption
spectra of the cage-like and space-filled structures, suggesting that the optical spectroscopy
can be used to sensitively detect the cage-like Au32. Most of the absorption peaks locate in
the visible and near-UV region, easily detected by further experimental measurements. The
icosahedral cage (a) shows two main peaks at 1.77 and 2.43 eV, respectively, among which
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the first one is very sharp, but the second one has two shoulders on its both sides, lying
at 2.35 and 2.58 eV, respectively. The cage (a) has also extra absorptions with much less
intensities in the near-UV range. The spectrum of the D6h cage (b) exhibits a rich structure
in the range from 1 to 5 eV, in which at least eight well-resolved peaks are observed. Finally,
two main peaks centered at 1.64 and 2.94 eV are found to dominate the spectrum of the
cage-like structure (c), which, however, are separated by a much broader interval of 1.3 eV
than that of the icosahedral cage (only 0.66 eV). The evident difference in the absorption
of the three cage-like structures seems to root in their distinct symmetries of the cage-like
geometrical structures because the structure (a) is more symmetrical and compact in space
than the isomers (b) and (c).
On the other hand, the space-filled structures (d)-(e) show a more continuous distribution
in the calculated spectra. It is somewhat difficult to distinguish one from another based upon
their absorption properties since all of these space-filled isomers show a similar feature in
the visible range. There are only smaller differences between their spectra: the isomers (d)
and (e) contain, respectively, double peaks at about 2.13 and 2.28 eV, and three ones at
2.15, 2.44, and 2.74 eV. And the cluster (f) with an approximate C3v symmetry presents a
more well-defined spectrum with a sharp peak at 2.38 eV.
We would like to emphasize that the characteristics shown in the calculated Au32 absorp-
tion spectra can be well used to identify definitely the Ih Au32 cage from others, including
both of the amorphous structures and other cage-like isomers. In order to understand better
the absorption properties, we have further analyzed the structural properties of the lowest
energy cage-like and space-filled isomers, illustrated by the distribution of interatomic dis-
tances (DID) and shown in Fig. 2. The DID of the space-filled structure (d) shows a
remarkable tendency toward more uniform distribution. The number of unequivalent atoms
increases greatly from the cage (a) to the space-filled isomer (d), which determines whether
the spectrum shows the well-separated peaks or the broadly continuous distribution.
Since the vibrational spectroscopy depends sensitively on the geometrical structure, we
have calculated their vibrational density of states (VDOS) and corresponding far-infrared
(FIR) spectra, shown also in Fig. 2. The vibration spectra of the Ih Au32 are in the frequency
range of 30.4 - 50.8 cm−1, which agrees well with the range of 30 - 145 cm−1 obtained by the
BP86 functional and the range of 37 - 147 cm−1 got with the hybrid PBE0 functional in Ref.
9. However, the lowest vibrational frequencies of its space-filled isomers are shifted to lower
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frequencies, making them less stiff than the Ih Au32. For example, the frequency range of
the lowest-energy space-filled isomer is 5.9 - 173.0 cm−1. As expected, several distinct peaks
are well resolved in the VDOS of the icosahedral Au32 cage, and more importantly, its FIR
spectrum exhibits a strong peak at 46 cm−1 with an intensity of 4.6 km/mol, which could be
used as a fingerprint signal to detect the icosahedral Au32. It has also two much weaker peaks
at 96 and 125 cm−1, respectively, due to the slight structural distortion from the perfect
icosahedron. On the other hand, almost all the modes of the space-filled structure (d) are
infrared-active, showing a spectrum with many unresolved peaks except a double-peak at
around 70 cm−1, indicative of its absence of spatial symmetry. However, their intensities are
much lower than the strong absorption of the cage (a). Significant differences of the FIR
absorption spectra between the cage-like and space-filled structures provide another clue to
verify the existence of “golden fullerene”. We hope that the infrared resonance-enhanced
multiple photon dissociation can be used to acquire the FIR absorption spectra of Au32,
as those done for vanadium and niobium clusters.26−28 In addition, we also notice that the
Ih Au32 cage has a Raman-active breathing mode at 91 cm
−1, characteristic of the cage or
tube-like structures, which is similar to those found in carbon fullerenes, and so may be
tested by future Raman spectra.
The absorption difference between the cage-like and space-filled Au32 would also exist in
other sizes of AuN , such as the Au42. In Fig. 3 (a), two well-separated main peaks, both of
which exhibit the peak splitting, can be resolved for the icosahedral Au42 cage. Also, the
spectrum shows additional weak absorptions in the near-UV region around 3.21, 3.75, and
4.09 eV, etc. The whole spectrum of the cage-like Au42 is similar to that of the icosahedral
Au32, and the difference may be due to the diameter increase from the Au32 to the Au42
cage. On the other hand, as shown in the inset of Fig. 3 (b), the amorphous features appear
in the DID of the space-filled Au42 isomer with Cs symmetry, which was reported as the
“global minimum” based on the Sutton-Chen potentials with. Compared with the high-
symmetrical Ih Au42 cage, the large numbers of unequivalent gold atoms in this space-filled
Au42 structure induce the broad absorptions peak centered at about 2.1 eV, seen clearly
from Fig. 3 (b), which is obviously different from the well-defined spectrum obtained for
the Ih Au42 cage shown in Fig. 3 (a).
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IV. SUMMARY
We have shown the structure-dependent optical absorption of Au32 employing the DFT
techniques. The peak positions and the overall spectra exhibit distinctive features between
its cage-like and amorphous isomers, not only in the visible and near-UV, but also in the
FIR frequency range. Especially, the high-symmetrical icosahedral Au32 can be identified
unambiguously from its other isomers by its two strong absorptions at 1.77 and 2.43 eV,
and also by its unique characteristic FIR-active mode at 46 cm−1. Our results might shed
light on how the cage-like AuN can be practically detected by their optical responses.
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Figure Captions
FIG. 1. (Color online) Calculated optical absorption spectra of the cage-like (left) and space-
filled (right) Au32 isomers. The corresponding geometries and the relative energies to the
icosahedral cage are also shown in each panel.
FIG. 2. (Color online) DID, VDOS, and the calculated FIR absorption spectra for the lowest
energy cage-like (a) (left panel) and space-filled (d) (right panel) Au32 indicated in Fig. 1.
The shaded areas describe the IR spectra.
FIG. 3. (Color online) Calculated optical absorption spectra for two different Au42 isomers:
(a) the icosahedral cage and (b) the space-filled structure. The corresponding configurations
are drawn in each panel. Insets are the distribution of interatomic distances for them.
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